Transposable elements (TEs) are DNA sequences that can insert elsewhere in the genome and modify genome structure and gene regulation. The role of TEs in evolution is contentious. One hypothesis posits that TE activity generates genomic incompatibilities that can cause reproductive isolation between incipient species. This predicts that TEs will accumulate during speciation events. Here, I tested the prediction that extant lineages with a relatively high rate of speciation have a high number of TEs in their genomes. I sequenced and analysed the TE content of a marker genomic region (Hox clusters) in Anolis lizards, a classic case of an adaptive radiation. Unlike other vertebrates, including closely related lizards, Anolis lizards have high numbers of TEs in their Hox clusters, genomic regions that regulate development of the morphological adaptations that characterize habitat specialists in these lizards. Following a burst of TE activity in the lineage leading to extant Anolis, TEs have continued to accumulate during or after speciation events, resulting in a positive relationship between TE density and lineage speciation rate. These results are consistent with the prediction that TE activity contributes to adaptive radiation by promoting speciation. Although there was no evidence that TE density per se is associated with ecological morphology, the activity of TEs in Hox clusters could have been a rich source for phenotypic variation that may have facilitated the rapid parallel morphological adaptation to microhabitats seen in extant Anolis lizards.
Introduction
Transposable elements (TEs) are mobile genetic units that have the potential to multiply and populate the genome [1, 2] . Unlike point mutations, their activity can lead to deletions, insertions and chromosomal rearrangements (e.g. through unequal crossing over), and thus impact gross genomic architecture [3] . While this may often be deleterious to individuals, the ability of TEs to bring about fast genomic changes might at times contribute to adaptation and diversification [4] [5] [6] [7] [8] . For example, TE activity may accelerate speciation by causing genomic incompatibilities between incipient species [9, 10] . This hypothesis predicts that lineages with abundant TEs will show a higher rate of diversification than lineages with fewer TEs. This is consistent with the observation that some of the most iconic adaptive radiations, such as Heliconius butterflies [11, 12] , African cichlids [13] [14] [15] or angiosperms [16] show unusually high numbers of TEs in their genomes. However, evidence for a positive relationship between TE abundance and the rate of speciation is lacking. Insertion of TEs may also contribute to phenotypic diversification of species through its effects on gene regulation, for example by modification of the epigenome or rewiring of gene networks through shuffling of regulatory elements [17 -20] . Indeed, a number of evolutionary innovations, such as egg-spots in cichlids and the mammalian placenta, appear to have originated through the co-option of newly inserted TEs [21] [22] [23] .
Anolis lizards are a remarkable example of an adaptive radiation. Following colonization of the Caribbean islands starting around 40 Ma [24] , species repeatedly diversified into habitat specialists (i.e. ecomorphs [24, 25] ). On some islands, numerous species belonging to up to six different ecomorphs originated from a single ancestor, whereas only a small number of species evolved on other islands. Ecomorphs are characterized by changes in body shape, including modifications of limbs [24] , which are likely to be caused by changes in gene regulation [26] .
Rapid speciation and morphological diversification make Anolis lizards a prime candidate for TE-driven adaptive radiation [15] . Recent evidence also points towards an important role for TEs in the evolution of the Anolis genome. Firstly, the genome of the green anole, Anolis carolinensis, contains a very high number of relatively young, active elements, in contrast with bird and mammalian genomes that are rich in remnants of old, extinct TEs [27, 28] . Thus, proliferation of TEs may have contributed to genomic incompatibilities that enabled formation of distinct species during the adaptive radiation. Secondly, relative to mammal and bird genomes, TEs appear to be enriched in developmental genes that control morphogenesis [29] . Specifically, in contrast with the highly condensed clusters of Hox genes in other vertebrates, A. carolinensis Hox clusters are interspersed by a large number of TEs, a feature that may impact on the temporal and spatial expression patterns during morphogenesis [29] . Indeed, a relationship between Hox gene expression and limb length has recently been demonstrated experimentally in the mouse [30 -32] . Consequently, TE insertions in Hox clusters may have contributed to the repeated evolutionary diversification of body and limb forms that today are represented in the recognized ecomorphs of Anolis lizards.
To test if TE abundance is positively associated with speciation, I characterized the TE content in the Hox gene clusters of 20 species of Anolis lizards and 10 additional lepidosaurian reptiles (figure 1a). I sequenced posterior parts of the HoxA and -D clusters (figure 1b,c), which are reliable candidate marker regions for TE density and vital for development, in particular limb morphogenesis [35, 36] . TE contents were compared among species, and to genomic regions outside the Hox clusters of the green anole. The results show that proliferation of TEs is associated with speciation, suggesting that TE activity has played a role in the adaptive diversification of Anolis lizards.
Material and methods (a) PCR amplification and DNA sequencing
Genomic DNA was extracted from 20 Anolis species and three other lepidosaurians (electronic supplementary material, table S1) using the Qiagen DNeasy Blood & Tissue kit. Anolis species were sampled across the phylogeny, and representatives of diverse geographical origins (Greater and Lesser Antillean islands and North America) and of diverse ecomorphs (crowngiant, grass-bush, trunk, trunk-crown and trunk-ground) were chosen. Ten nanograms of DNA were used as template in longrange PCRs with the Phusion Green High-Fidelity DNA Polymerase (Thermo Fisher Scientific). All primers were designed based on the A. carolinensis genome assembly ( [28] ; electronic supplementary material, table S2). To increase PCR specificity in more distantly related species (e.g. non-Anolis lepidosaurians), primer-binding sites were chosen in the coding region of Hox genes and nested PCRs were performed. The long intergenic region between HoxA13 and -A11 (23.5 kb) was bridged using a conserved non-coding element as a primer binding site (figure 1c). PCR bands were cut from agarose gels and purified with a QIAquick Gel Extraction Kit, or QIAEX II Gel Extraction Kit for fragments above 10 kb length. The obtained fragments were pooled per species in equimolar amounts and libraries were prepared with the Nextera XT and indexing kit (Illumina). These 23 libraries were sequenced on a MiSeq platform using a 300 bp paired end protocol.
Quality control of the output of the MiSeq run was performed with the FASTQC software (URL: http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Low quality reads were removed and a sliding window approach was used to trim low quality bases at the ends of the reads using TRIMMOMATIC ( [37] ; quality threshold 30; minimum length 36). Paired end reads were merged into contigs using FLASH software [38] . These contigs were used as input for the SPADES assembler tool (v. 3.1.1 with standard settings; [39] ). In cases where the expected fragments were not retrieved in this initial assembly, a subsampling strategy was applied to compensate for the high coverage and the assembly process was repeated. Anolis carolinensis intergenic fragments were used as queries in blastn searches against each species' SPADES assembly to assign identities to the individual fragments. A total of 82 genomic fragments for Anolis and seven genomic fragments for other lepidosaurians were obtained (electronic supplementary material, table S1) and deposited in the GenBank database (accession nos LN899470 -LN899543). Note that the two PCR fragments between HoxA13 and -A11 were submitted as one concatenated fragment, but analysed as two separate fragments.
(b) Retrieval of Hox intergenic sequences of non-Anolis lepidosaurians
In addition to the sequences obtained by long-range PCRs, intergenic regions were downloaded from the NCBI database for the following species: the slow worm Anguis fragilis (GenBank accession no. GU320307 for HoxD12-D10), the golden gecko Gekko ulikovskii (GenBank accession no. GU320308 for HoxD12-D11-D10), the corn snake Pantherophis guttatus (GenBank accession no. GU320305 for HoxA13-A10, and GU320304.1 for HoxD12-D10), and the tuatara Sphenodon punctatus (GenBank accession no. GU320310 for HoxD12-D10 
(d) Transposable element density and fragment length statistical analysis
Only Hox intergenic regions that were obtained in full-length were included in this analysis. Sequenced fragments that did not overlap with the open reading frame of flanking Hox genes, or sequences that were disrupted by stretches of 'N's, were excluded. TE density was calculated as the number of TEs per 1 kb. In order to be able to compare metrics between the six fragments, the fragment length in base pairs and the number of TEs were transformed, such that the longest fragment and the maximum number of TEs were both scaled to 1. To test if patterns of TE proliferation differed from that of other repetitive sequences I identified microsatellites in the Hox clusters using the software ATRHUNTER [47] . The number of repeats was summed for each Anolis species and for each of the nine microsatellites that were identified, and the maximum number was scaled to 1.
(e) Mapping of Anolis carolinensis transcriptomes against Hox intergenic regions I downloaded publicly available organ-specific transcriptomes of A. carolinensis from the NCBI sra archive (two developmental stages and eight adult organs, accession IDs: embryo stage 38, SRR389085; embryo stage 28, SRR389086; brain, SRR540258; ovary, SRR543709; dewlap, SRR543711; heart, SRR540256; skeletal muscle, SRR391650; liver, SRR391651; lungs, SRR391654; adrenal glands, SRR495267). Raw reads of each transcriptomic dataset were mapped against intergenic regions of the posterior HoxA and -D clusters using the alignment tool BOWTIE 2 [48] .
Results were visualized in the Integrative Genomics Viewer [49] with the annotated TEs as input GFF file (electronic supplementary material, figure S1 ).
(f ) Phylogenetic comparative analysis I employed the method described by Freckleton et al. [50] to test systematically for the relationship between TE density and diversification rate, and TE density and limb length within the Anolis clade. This method is particularly useful for relatively small datasets as it allows the inference of speciation nodes to be performed on the complete phylogeny of anoles, while the phylogenetic generalized least-squares ( pgls) analysis is conducted on a pruned dataset containing only the focal species with available trait data. Although more sophisticated methods for testing predictors of the rate of speciation are available [51] , these require a more complete taxonomic sampling and are therefore not suitable to these data [52, 53] . Phenotypic measures (snout-vent and long bone length) and islands of origin of Anolis species were obtained from the literature [24, 54, 55] . Geographical area estimates were obtained from URL: http://www.worldatlas.com for Greater Antillean islands and from [56] for Lesser Antillean islands. As a measure of net speciation rate, I used 'node depth', which is the number of speciation nodes linking a given extant species to the last common ancestor of Anolis [50] . I based this analysis on the phylogenetic tree published by Gamble et al. [33] , which contains 216 out of 387 described species [55] . The species Anolis forresti was not part of this dataset, and it was added to the phylogenetic tree as sister species to Anolis wattsi [57] . Although it should be noted here that estimating rates of extinction is complex and prone to large errors [58 -60] , a previous study suggested that the diversification patterns of the genus Anolis are characterized by low levels of extinctions [61] . I therefore conducted the analyses assuming equal and constant extinction rates, which means that the number of speciation nodes will be proportional to the rate of speciation (see also Discussion). I accounted for phylogenetic non-independence using a pgls approach [62, 63] in the R package caper (PGLS code; [64] ) with a variance-covariance matrix inferred from the phylogenetic tree published by Gamble et al. [33] pruned to contain only Anolis species with available trait data. To ensure robustness, the results of these pgls analyses were replicated using two alternative phylogenetic datasets of Anolis: the dataset of Poe [65] containing 174 Anolis species, which is based on a combination of morphological and molecular markers (concatenated from chromosome, allozyme, immunological and DNA sequence data), and the molecular dataset of Nicholson et al. [55] containing 189 taxa (electronic supplementary material, tables S3 and S4). For all models, diagnostic plots were examined to check for normal distribution of errors and heteroscedasticity. To test if there is a relationship between the rate of changes in limb length and TE density, as may be predicted if TE activity stimulates phenotypic variation, a phylogenetically independent contrast analysis [66] was performed. Limb contrast was calculated as the absolute difference of the limb measure between a pair of species, where the limb measure was defined as the mean of humerus, femur, radius and tibia divided by the snout-vent length of the species. This limb contrast was determined for every node of the pruned phylogenetic tree containing the 16 Anolis species for which both TE density and limb data are available. Limb contrast was regressed on the reconstructed ancestral TE density (mean of descendent nodes or species; electronic supplementary material, figure S2 ).
Results (a) Anolis Hox clusters have high transposable element densities
Given that the structure of the Anolis Hox clusters is so strikingly different from all other vertebrate Hox clusters [29] , I first asked if high TE density is restricted to Hox clusters, or if it is a general characteristic of the Anolis genome. I confined my analysis to the HoxB and -C clusters as the current release of the A. carolinensis genome does not provide chromosome-wide information for the HoxA and -D clusters [28] . Using a 500 kb sliding window approach, I found that the absolute numbers of TEs are significantly higher in the 500 kb windows containing HoxB and -C clusters compared with the remainder of the chromosomes (figure 2; except for centromeric and telomeric regions that show a characteristic TE landscape [20, 67] ). In addition, the composition of major classes of TEs within Hox clusters is different compared with the genomic vicinity of the HoxB and -C clusters as well as in a genome-wide comparison, with an overrepresentation of simple repeats and DNA transposons, and an under-representation of long terminal repeats (LTRs), and short and long interspersed elements (SINEs and LINEs; electronic supplementary material, figure S3 ). On average, the TE density of the six Hox intergenic regions, measured in numbers of TEs per 1 kb, is 23 times higher in Anolis lizards compared with other lepidosaurians (figure 3a; t-test: p-value , 0.001). For example, no TEs were found in the basilisk Basiliscus plumifrons, a very close relative of Anolis ( [34, 68] ; electronic supplementary material, figure S4 ). Within Anolis, fragment length increases with the number of TEs, showing that TE insertion is responsible for the evolutionary expansion of Hox clusters (figure 3b; electronic supplementary material, figure S5 ). By contrast, non-Anolis lepidosauria show no correlation between fragment length and TE number (figure 3b; electronic supplementary material, figure S5 ). The unusually high number of TEs in the Anolis Hox clusters compared with other vertebrates has also been discussed as a driver of morphological diversification [69] . A functional impact of TEs in the Hox clusters should be associated with transcriptional activity of at least some TEs. Mapping of organ-specific transcriptomes to the Hox intergenic regions analysed in this study revealed that most of the annotated TEs (81%) belong to families that are transcriptionally active (electronic supplementary material, figure S1 and table S5). The most conspicuous difference between Anolis ecomorphs is their limb length relative to body size, which has evolved repeatedly on different islands. Given that the effects of expansion of intergenic regions on Hox gene regulation may very well be conserved, we might predict that similarity in morphology would be accompanied by similarity in the density of TEs in Hox clusters. However, this was not the case (table 1) . Furthermore, using phylogenetically independent contrasts, there was no evidence that differences in relative limb length between closely related species were associated with a historical proliferation of TEs (electronic supplementary material, figure S2 ).
Discussion
Lineages with a high abundance of TEs may be more likely to undergo adaptive radiation if TE activity promotes genomic incompatibility between incipient species and phenotypic innovation. The results here provide support for a role of TEs in the adaptive radiation of Anolis lizards by demonstrating that Hox gene clusters are remarkably rich in active TEs and that the density of TEs is positively associated with rates of speciation within this genus. Table 1 . Regression coefficients with standard errors (b + s.e.) and statistics (t-value) and their associated p-values for the complete multiple regression model with the length of the long bones and speciation nodes as response variables. (Variables presenting a significant partial regression coefficient are highlighted in italics. Asterisks signify log transformed; svl, snout-vent length; full statistical model used in pgls: length of long bone TE density þ svl and speciation nodes TE density þ island area, resp., including a variance-covariance matrix accounting for phylogenetic relatedness.) Previous data showed that the Hox clusters of the green anole, A. carolinensis, are richer in TEs than Hox clusters of model species of mammals, birds and fishes [29] . The comparative analysis of TE densities of Hox intergenic regions in this study extends these data to 20 Anolis species and 10 other lepidosaurians. This reveals that Anolis is highly unusual also within lizards and that there was a rapid increase in TE numbers in the lineage leading to extant Anolis rather than a gradual taxonomic trend within lepidosaurians. Importantly, the comparative analysis showed that TEs continued to accumulate during or following speciation events within Anolis, and that at least some TE families whose members are located within Anolis Hox clusters remain transcriptionally active. This positive relationship between TE density and the number of speciation nodes leading up to extant species is consistent with the hypothesis that TE activity causes genomic changes that result in reproductive incompatibilities and hence reproductive isolation [4, 7, 9, 70] . This estimate of diversification is potentially confounded by lineage differences in the rate of extinction. However, if lineage-specific rates of extinction would explain these results, lineages with high rates of extinction must have fewer TEs. This would be highly unexpected because bursts of TE activity most commonly cause genomic instabilities [71] and hence loss of fitness [72] . Thus, although more data within and across species would be necessary to rule out extinction as a contributor to the observed patterns, the results are consistent with the main prediction of the hypothesis that TE activity promotes speciation [9, 10] .
Rapid reproductive isolation through re-organization of genome structure may be particularly likely to facilitate adaptive radiation when ecological conditions limit the ability for reproductive isolation and phenotypic divergence in allopatry. Anolis speciation is associated with radiation into ecomorphs, and extant species on the Greater Antillean islands are indeed mostly found in sympatry as the ecomorph habitats are highly connected [24] . This may point towards a scenario where the processes of speciation and adaptation are intertwined [73] . TEs may facilitate such adaptive ecological speciation because their activity can produce both phenotypic variation and structural changes in the genome that cause reproductive isolation through pre-(e.g. sexual signals) or post-zygotic (e.g. genomic incompatibility) mechanisms. A similar role for TEs in speciation has also been suggested in cichlid fishes [13 -15] and Heliconius butterflies [11, 12] , but to my knowledge this is the first evidence that the number of speciation events is positively correlated with an estimate of TE abundance.
An alternative explanation for a positive relationship between TE density and the number of speciation events is that lineages with high rates of speciation exhibit population dynamics that promote the accumulation of neutral or even slightly deleterious TEs. The principles of TE accumulation are similar to those of other sequence-based variants that may accumulate under low effective population sizes and weak natural selection [74, 75] . Although neutral processes cannot be completely ruled out as causes of the positive relationship between speciation rate and TE density in Hox clusters, the fact that microsatellite repeats located in the Hox clusters did not accumulate with the number of speciation nodes, and showed the expected pattern from neutral evolution, argues against this. In addition, low effective population sizes are unlikely to apply to Caribbean Anolis lizards as they are characterized by generally high abundances [24] and estimates of historical effective population sizes suggest this has been the case throughout the lineage's history [76] . Environmental factors such as temperature or humidity can potentially promote TE activity as demonstrated in model organisms exposed to biotic and abiotic stressors [77] [78] [79] . However, this cannot solely explain the patterns of TE abundance within Anolis because it is unlikely that lineages with high rates of speciation also systematically experience more stressful environmental conditions. Although TE density across the genome in the green anole is high relative to many other vertebrates [27] , Hox clusters appear to be particularly TE rich. This might be explained by biased TE insertion due to chromatin characteristics (facultative heterochromatin; [80] ). Hox genes are expressed during early stages of development, and hence, the open chromatin configuration can potentially attract TEs, possibly even in germ cells [81, 82] . Nevertheless, a high TE density in Hox clusters is highly unexpected given that the condensed, TE poor, Hox clusters observed in other vertebrates have been hypothesized to be crucial for the temporal and spatial collinearity that specifies positional identities along the embryonic head-to-tail axis [83, 84] . The structural organization of Hox clusters should be under strong purifying selection [85] . That the TE composition of Hox clusters differs from the genomic vicinity, and genome-wide, suggests that TE insertions are non-random or that selection has contributed to shape the TE landscape of Hox clusters. Accordingly, the abundant occurrence of TEs in the Anolis Hox clusters could indicate that they contribute functionally to development, for example by modification of histones, insertion of novel regulatory elements, or positional effects [20, 86] . Interestingly, the Anolis Hox clusters are thus reminiscent of invertebrate Hox clusters which appear to be generally less constrained and accumulate more TEs than their jawed vertebrate counterparts [87, 88] .
A particular interesting hypothesis is that TE-induced changes in the regulation of Hox genes have contributed to the morphological variation that characterizes the adaptive radiation of Anolis [29] . Indeed, the HoxA and -D clusters are involved in regulating limb growth [89] , a key feature of Anolis ecomorphs [24] . This may suggest that species convergent in limb length would also show convergence in intergenic accumulation of TEs. There was, however, no evidence for this, or for the prediction that proliferation of TEs should be associated with the rate of change in limb morphology, although statistical power to detect these relationships was low. These results do not, of course, rule out that specific TEs could be responsible for changes in gene expression underlying the different ecomorphs. However, rigorous tests of these hypotheses would require knowledge about the developmental genetic regulation of morphological differences between ecomorphs that is currently lacking.
In summary, this study supports the prediction that TE proliferation is positively associated with speciation in the adaptive radiation of Anolis lizards. Whether or not TEs also have contributed to adaptive divergence between species remains unknown, but the accumulation and transcriptional activity of TEs in genes that control morphological development suggests that this hypothesis warrants further study. Funding. This research was supported by the John Fell fund (grant ID ATD06900), the Humboldt Foundation and the Wenner-Gren Foundations.
